Longitudinal connected fissures in a shallowly buried coal face with thin bedrock are the main factor causing sand-burst accidents, water-burst accidents, and abnormal increases in water inflow. To understand the evolution of longitudinal connected fissures and propose method for controlling such fissures, 3-1 Coal of the Jinjie Coal Mine in Shendong Coal Group, China, was used as a case study. Physical simulation, numerical simulation, field measurements, and other measures were carried out to analyze thoroughly the opening and closure of fissures. At the same time, the stage characteristics of fissures evolution process are also obtained. e results indicate that when periodic weighting occurs, a longitudinal connected fissure starts to open. As the coal face moves on, the fissure expands gradually with the dynamic changes in horizontal force and rock dislocation; when the expansion reaches its limit, the key rock falls and the longitudinal connected fissure rapidly closes. With the advent of the next periodic weighting, the longitudinal connected fissure compacts further and the next longitudinal connected fissure appears. e formation of longitudinal connected fissures is described with reference to three factors: the advancement speed of the coal face, the holding power of the hydraulic support, and the filling degree of the goaf area, all of which can be easily controlled by engineering means. is study provides a basis for control of sand-burst accidents, water-burst accidents, and abnormal increase in water inflow in a shallow coal face with thin bedrock.
Introduction
e mining of coal resources in the Shendong area of China has made great contributions to the development of the national economy. e coal-bearing strata in this area are the Middle Jurassic Yanan Formation (Jxy). At present, most of the coalfields are shallowly buried with thin bedrock and thick unconsolidated layers and have the advantages of the coal seams being at a small angle, large coal thickness, and simple structure, which allow one-pass cutting coal mining, rapid advancement of the face, and other high-strength mining characteristics. However, in this mining environment and mining strength conditions, large-sized fissures occur. ese fissures are longitudinal because of the fracturing of the shallowly buried, thin bedrock coal mass caused by mining. ese longitudinal fissures connect the coal face with the unconsolidated layers, and even with the earth's surface.
erefore, these fissures are called longitudinal connected fissures. If the unconsolidated layers contain loose sand and/or an aquifer, there is a huge potential danger of sand bursts and water bursts, which seriously hinder the safety, coal yield, and efficiency of the mine [1] [2] [3] [4] [5] . In addition, the environment is extremely fragile because of desertification, drought, lowered rainfall, and sparse vegetation in this area. Surface water seeps into the goaf area if longitudinal connected fissures are present because of fracturing of the coal-bearing rock mass caused by mining, which brings about further deterioration of the ecological environment. For example, the development of coal mines around the Kuye River has resulted in its Muhegou, Wangqu, and Sanbulagou tributaries and other larger rivers being cut off since 1997. e Kuye River, a tributary of the Yellow River, was cut off for 75 days in 2000 and for 106 days in 2001. Hongjiannao, the largest inland lake in the Ordos Plateau with an area of 56 km 2 , has experienced a fall in water level of more than 2 m in 5 years. At the same time, the groundwater table within 50 km around the lake area dropped by 1.81 m [6] [7] [8] . However, the longitudinal connected fissures of a coal face should close as the coal face advances and the bedrock blocks migrate. Understanding the evolution of longitudinal connected fissures in a shallowly buried coal face with thin bedrock and proposal of corresponding control measures can significantly slow down or eliminate the occurrence of sand-burst accidents, waterburst accidents, and abnormal increases in water inflow. is is of great significance for the safe, environmentally friendly operation of mines under this type of geological conditions. Failure of overburden under the influence of mining is an extremely complicated disaster mechanics problem. To understand the development of fissures in rock masses, Wang et al. [9] [10] [11] [12] studied both the statistical self-similar fractal properties of a rock mass caused by mining and the evolution of the mining-caused fracture network of a rock mass with increasing mining width by means of similarmaterial models. Zhang et al. [13] [14] [15] established a model of flow through broken rock to analyze the relationship between fluids and fissure rock masses from multiple angles and provided a theoretical basis for prevention and control of water bursts and sand bursts at the microscopic level. Yu et al. [16] [17] [18] used mechanical analysis and numerical simulation to study the mechanical mechanism of undercutting cracks in the overburden strata of a shallowly buried coal seam and to explain the relationship between the stability conditions of key structural strata and mining damage in the overburden rock. Huang et al. [19] [20] [21] [22] [23] established a mechanical model of overlying strata based on the degree of fracture penetration by using the physical simulation results of the fracture characteristics of the upper strata in the overburden fracture zone; in addition; the factors influencing through-fracture of overburden strata were analyzed, providing a theoretical basis for determination of key strata and calculation of the height of the fractured zone through which water flows. Sun [24] established the dynamic variations of crack height in the overlying rock strata in a shallow basement by means of multivariate Geographic Information System fitting, and technology to control the longwall face to prevent the occurrence of sand bursts and water bursts was proposed with the aim of achieving water conservation. Great progress has been made in the development and evolution of overburden rock fissures, and there have been corresponding practical applications. However, there has been little research on the evolution of macroscopic longitudinal connected fissures. erefore, this paper addresses the evolution of longitudinal connected fissures in shallowly buried thin bedrock using comprehensive research methods, establishes a mechanical model for opening and closure of longitudinal connected fissures in shallowly buried thin bedrock coal rock mass caused by mining based on the previous research results, and analyzes the mechanical mechanism and the key factors influencing opening and closure of longitudinal connected fissures in coal-bearing rock masses, thereby facilitating safe and environmentally friendly mining in shallowly buried thin bedrock.
Geological Setting
e Jinjie Coal Mine is located in Shenmu County, Yulin City, Shanxi Province, China. e location map of the Jinjie Coal Mine is presented in Figure 1 . e Jinjie Coal Mine is fully equipped with longwall coal faces. Coal face 31104 of 3-1 Coal of the Jinjie Coal Mine was selected as the experimental site. e exploited coal is in a typical shallowly buried thin bedrock area and has a burial depth of about 110 m. e coal seam is about 6 m thick, the load layers are about 65 m thick, and the bedrock is only about 45 m thick. e bedrock is composed of siltstone and fine-grained sandstone, which have high rock strength. e results of drilling through the roof strata of the tail entry in coal face 31104 are shown ( Figure 2 ). At the same time, the area where the Jinjie Coal Mine is located is severely desertified, and there are no water bodies above the coal face.
According to the surveyed water data for coal face 31104, abnormal phenomena (water inflow at a rate >200 m 3 /h) often occur in the mining process because of the presence of strong aquifers in the overburden rock at 55-70 m depth, which affects the safety, high yield, and high efficiency of the mine. ere is a close relationship between the water inflow and the periodic weighting of coal face 31104 ( Figure 3 ). e standard of the periodic weighting is 6730 kN based on the hydraulic support's sum of the average end-of-cycle resistance and its mean square deviation. e position of the periodic weighting in coal face 31104 has been confirmed from the change in the working resistance of the hydraulic support in the middle of the coal face. e amount of water inflow was obtained from the volume of the sump around the coal face. ere were four instances of abnormal water flow in the 150 m monitoring roadway during periodic weighting ( Figure 3 ). We deduce that the formation of longitudinal connected fissures through the overburden rock fractured during the mining process was the intrinsic cause of the abnormal water flow. erefore, adjusting the mining parameters to control the evolution of longitudinal connected fissures will be an effective way to control abnormal water flow in the coal face. e aquifer in the unconsolidated layers was modeled in the physical simulation by gravel and fine sand of grain size 0.5-1.0 cm ( Figure 4 ).
Physical Simulation of the Evolution of Longitudinal Connected Fissures

Experimental Process and Results.
To avoid influence by the test bed boundary, mining started from 20 cm (equivalent to an actual length of 20 m) and was mined by 5 cm (equivalent to an actual length of 5 m) every 20 minutes during the mining process, thus simulating a quick mining process. For analytical convenience, the dimensions described below are actual rather than equivalent dimensions. When the coal face had advanced to 95 m, the first collapse of the basic roof and the first episode of periodic weighting occurred. At the same time, the overburden bedrock broke off as a whole and the unconsolidated layers were also quickly affected, which caused a depression to form rapidly on the surface. e first weighting interval was 95 m, greater than the value detected in the field. is was caused by the presence of unconsolidated layers with a lower mica content in the area, with the result that the unconsolidated layers had a lower ability to transmit load to the bedrock and the load on the bedrock was small at first and could be negligible in later experiments. e periodic weighting length was about 25 m for the formation of longitudinal connected fissures in the coal face. e evolution of longitudinal connected fissures in the bedrock layers is illustrated ( Figure 5 ).
During the excavation of the coal face, the size of the fissure opening was regularly measured to understand the opening and closing of the longitudinal connected fissures in the shallowly buried thin bedrock. e sizes of the unconsolidated fissure in the bedrock through time are shown ( Figure 6 ) and were referenced in the model for the physical simulation. When the coal face had advanced to 100 m, the first periodic weighting started to occur (Figures 5(a) and 6(a)) and a longitudinal connected fissure approximately 0.22 m long appeared between the coal face and the unconsolidated layers. As the surface of the coal face advanced, the bedrock blocks gradually turned toward the goaf area. When the coal face had advanced to 120 m, the bedrock blocks turned to the limit ( On the basis of measurements of the fissure size as the coal face advanced, from the statistical results of the fissure size, the evolution process of longitudinal connected fissures is very significant in terms of time and space, was initiated. is is called the fissure inoculation stage. (2) During initial periodic weighting, the bedrock rotated in the direction of the goaf area with the longitudinal connected fissure as the axis, causing the fissure to increase in size continuously until the limit. A higher mining height, smaller periodic weighting length, and smaller bulking coefficient of the breaking layers will result in a larger fissure size. is is the fissure opening stage. (3) As the coal face advanced, the rock mass formed by the first periodic weighting inevitably broke off at the back of the hydraulic support, especially if the mining height was large. e breaking of the bedrock and its counterrotation, together with the effects of expansibility of the collapsing rock and the unevenness of the fissure's surface, caused the longitudinal connected fissure to close rapidly and the next longitudinal connected fissure to appear. is is the stage of rapid fissure closure. (4) With the beginning of the next periodic weighting, the longitudinal connected fissure closed further because of extrusion between the adjacent bedrock and the caved rock from the rotated motion. is is the fissure compaction stage.
Numerical Analysis of the Opening and Closing Process of Longitudinal Connected Fissures
As another means of understanding the opening and closing process of longitudinal connected fissures in a shallowly buried coal face with thin bedrock and the evolution of longitudinal connected fissures, we set up a two-dimensional Universal Distinct Element Code numerical model with a width of 400 m and a height of 110 m based on geological data ( Table 2 ). According to the results of the numerical simulation, the periodic weighting length is 24 m. e simulation results when the coal face was excavated to 200 m are shown ( Figure 9 ). e structural state and degree of fracturing of the basic roof during coal face advancement determined the development and expansion of the longitudinal connected fissure. During periodic weighting, the size of the longitudinal connected fissure in the overburden increased because of rotation of the basic roof rock. As a result of breakage and reverse rotation in the fractured overburden, the dissociative unit bodies containing the longitudinal connected fissure contracted again, meaning that the longitudinal connected fissure closed. When the next periodic weighting took place, the unit bodies that had contracted were partially embedded under the action of the rotary extrusion of the adjacent fractured overburden, which caused further closure of the longitudinal connected fissure. e numerical 
Opening and Closing of Longitudinal Connected Fissures in the Field
At present, there is no direct method for observing the evolution of overburden longitudinal connected fissures in a coal face. However, in a coal face in shallowly buried thin bedrock and a thick unconsolidated layer, a longitudinal Figure 11 ). e results for Station A are described below: when the coal face had advanced to 277 m from the setup entry, the longitudinal connected fissure (∼0.03 m in length) started to open as shown in Figure 12 (a). When the coal face had advanced to 289 m from the setup entry, the longitudinal connected fissure opened to its maximum size (about 0.45 m long; Figure 12(b) ). When the coal face had advanced to 293 m from the setup entry, the longitudinal connected fissure began to close (to ∼0.15 m long) with the breaking off of the overburden (Figure 12(c) ). When the coal face had advanced to 297 m from the setup entry, the longitudinal connected fissure had completely closed, and the size of the broken rock was 0.25 m (Figure 12(d) ). e evolution of the surface fissures at Station B was basically similar to that at Station A (Figures 12(e)-12(h) ). e open or closed states of the longitudinal connected fissures at Station B were more obvious: the maximum size of the surface fissure was 0.51 m and the size of the broken overburden was 0.53 m when the fissure had closed completely. For the relationship between opening, growth, and closure of the fissure in the field and the periodic weighting, the results from the field were basically consistent with those of the simulation experiments.
Mechanical Analysis and Factors Influencing
Opening and Closure of Longitudinal Connected Fissures
Mechanical Analysis of the Opening and Closure of Longitudinal Connected Fissures.
From the results of physical simulation, numerical analysis, and field measurements, the key rock block that determines the periodic weighting will be broken up before the next periodic weighting during advancement of the shallowly buried coal face with thin bedrock. e structure formed by the rock breakage could be regarded as a "step voussoir beam" structure affected by the horizontal force and the downward shear force at the front corner of the key rock ( Figure 13 ) [25, 26] . Referring to the structural model, the opening and closure of the longitudinal connected fissure is taken as the entry point. Assume that the hinge joint between rock M and rock N is located in the back of the hydraulic support and the broken rock is completely located above in the collapsed rock. e broken rock is completely located on the caved rock, and rock M is supported by rock N at point C. Rock N is basically in a compacted state at this time. e downward movement of rock M in the goaf area is given by
where h z is the thickness of the immediate roof (m), m is the mining height (m), b is the amount of rock dislocation (m), and K p is the rock coefficient of bulk increase. e maximum turning angle of rock M is given by
e height a of the extrusion interface of the rock corner can be derived by means of equation (3) using the geometric contact relationship of rock rotation. e position of horizontal force T is at 0.5 a because of the plastic contact relationship between the rocks:
l M � l N � l because the same force conditions operate as for periodic fracturing of the bedrock. e pressure on rock N is equal to the force of the gangue on rock N (Figure 12 ), meaning that R 2 � P 2 . e shear between the rock and the unbroken rock in the front can be regarded as the pressure on the rock M in this structure. e horizontal force T is given by
where P 0 is the support power of the hydraulic support (kN), P 1 is the pressure of the rock M (kN), and H is the height of the rock (m). According to the geometric relationship (Figure 12 ), the size of the longitudinal connected fissure is given by
Periodic weighting can be considered as periodic breaking of cantilevered bedrock. e periodic weighting 0.03m
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where R t max is the limited tensile strength (MPa) and q is the uniform load above the rock beam (kN/m). In summary, the emergence of longitudinal connected fissures in a coal face begins with periodic fracturing of the key rock. e size of the longitudinal connected fissure gradually increases with changes in the horizontal force of the fractured block and the dislocation between the blocks as the coal face sequentially advances. e key rock controlling the periodic weighting breaks up when the fissure reaches its maximum size, and the fissure closes quickly at the same time. is fissure will close further during opening of the next longitudinal connected fissure.
Factors Influencing the Opening and Closing Process of Longitudinal Connected
Fissures. According to equations (5) and (6), the evolution of longitudinal connected fissures in a coal face mainly depends on factors such as the periodic weighting length, the filling degree of the goaf area, the mechanical properties of the strata, the thickness of the strata, and the holding power of the hydraulic support. For specific engineering geological conditions, the mechanical properties and thickness of the strata are known and the periodic weighting length can be determined by theoretical calculation. e effect of the opening and closing of longitudinal connected fissures can be explored by considering the advancement speed of the coal face, the filling degree of the goaf area, and the holding power of the hydraulic support, which can control and prevent danger from sand bursts and water bursts.
Speed of Coal Face Advancement.
e size of the periodic weighting length in the basic roof affects the rotation angle of the fractured rock. A larger periodic weighting length results in a smaller turning angle and less development of longitudinal connected fissures in the coal face. For a coal face with a long periodic weighting length, the longitudinal connected fissures can be considered as noncontinuous when the rock's degree of expansibility is higher in fractured bedrock and the fissure's surface is irregular; in this case, the advancement speed of the coal face can be decreased. However, in general, the periodic weighting length in a shallowly buried coal face with thin bedrock is small, and opening of longitudinal connected fissures is inevitable. Controlling the advancement speed of the coal face is crucial. Application of grouting and other measures to plug longitudinal connected fissures is effective before periodic weighting. Measures are not required if the fissures close rapidly after periodic weighting. At the same time, appropriately speeding up the advancement speed of the coal face can prevent the coal face stopping in a position that allows maximum opening of longitudinal connected fissures, which can reduce the danger of sand-burst and water-burst incidents. is finding also explains why sandburst and water-burst accidents generally occur during trial mining or with a variable advancement speed in many shallowly buried coal faces with thin bedrock. When the coal face is in Position A, it is necessary to put an end to stop advancing and to speed up the coal face speed as much as possible (Figure 14) . When the coal face is advanced to Position B and the longitudinal connected fissure is closing, normal advancement and other work are permitted.
Holding Power of the Hydraulic Support.
Engineering practical experience demonstrates that whole breakage of bedrock is the basic form of rock mass fracturing caused by mining in shallowly buried thin bedrock and is unavoidable. However, increasing the holding power of the hydraulic support can effectively delay the expansion of longitudinal connected fissures. erefore, in engineering practice, the action area and the working resistance of the hydraulic support should be adjusted to slow down the turning degree of the rock prior to bedrock breaking so that the longitudinal connected fissures are directly cut off at a smaller size and the fissures close quickly. In addition, the maintenance and grouting processes that will pause the advancement of the coal face should be arranged during the closing stage of the fissure. Furthermore, from the geometrical relationship between the coal face roof and the support beam, it is necessary to pay attention to the effect of the supporting force in the coal face roof and weaken the effect of the support beam.
Filling Degree of the Goaf Area.
e filling degree of the goaf area directly determines the turning deformation space of the fracturing bedrock. e turning degree of the fracturing bedrock also indirectly determines the maximum fissure opening size of the longitudinal connected fissure.
is parameter is directly related to the filling degree of the strata under the bedrock and the mining height. For thin, medium-thick, and larger mining depth coal seams, backfill mining or limited height mining can be implemented to reduce the fracturing block deformation space in bedrock. For the fully mechanized top coal caving face, it is possible to carry out interval coal caving or reduce the amount of coal caving. It can control the development of longitudinal connected fissures and the maximum opening size of the fissure. However, for a thick coal seam coal face with shallowly buried and thin bedrock in high-strength mining, this would be difficult and expensive. One-pass cutting coal mining, fast advancement, and other methods can be used to prevent sand bursts and water bursts. e key point is that effective measures to promote closure of the longitudinal connected fissures should be applied as much as possible.
Field Experimental of the Longitudinal Connected Fissure Control
According Monitoring results of water inflow before and after adjustment of coal face parameters in coal face 31104 were shown ( Figure 15 ). Figure 15(a) shows the monitoring result after adjustment of the coal face parameters, and Figure 15 (b) shows the monitoring result before adjustment of the coal face parameters in the previous water-rich area. e water inflow was reduced overall in water-rich area after adjustment of coal face mining parameters, and the phenomenon of the abnormal water flow did not appear ( Figure 15 ). e maximum water inflow (80∼104 m 3 /h) appeared in the periodic weighting, and this level of water inflow would not affect production. However, the minimum water inflow was higher than water inflow before adjustment of coal face parameters. It was deduced that the increase in the amount of exudation was caused by the increase in water 
Conclusion
is paper studies the evolution law of longitudinal connected fissures in a shallowly buried coal faces with thin bedrock in the Jinjie Coal Mine, China. To understand the evolution of longitudinal connected fissures, theoretical analysis, numerical simulation, and field tests were conducted. e paper describes the evolution of longitudinal connected fissures in a shallowly buried coal face with thin bedrock and suggests control measures.
On the basis of field observations, physical simulation, theoretical analysis, and monitoring results, evolution of longitudinal connected fissures in a shallowly buried coal face with thin bedrock takes place in four stages: the fissure inoculation stage prior to periodic weighting, the stage of fissure expansion after periodic weighting, the stage of rapid fissure closure caused by breakage of the key block, and the stage of fissure compaction caused by rotation of the key rock. Gradual expansion of the fissure caused by rotational deformation of the key rock is the main factor in generation of sand bursts and water bursts.
Rapid closure of longitudinal connected fissures is caused by breakage of the key rock in the coal face with shallowly buried thin bedrock. Increasing the holding power of the hydraulic support and support area can control and delay fissure opening. At the same time, the coal face should be advanced as fast as possible through the stage of fissure expansion to prompt rapid closure of fissures, which can reduce the danger of sand-burst and water-burst accidents.
In this study, we describe the evolution of longitudinal connected fissures in a shallowly buried coal face with thin bedrock and suggest control measures. Suitable control measures can significantly slow down or eliminate the occurrence of sand-burst accidents, water-burst accidents, and abnormal increase in water inflow. e results of this study are of great significance for safe, environmentally friendly operation of mines under this type of geological conditions.
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